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Abstract 33 
Unprecedented droughts hit southern Amazonia in 2005 and 2010, causing a sharp increase in 34 
tree mortality and carbon loss. To better predict the rainforest’s response to future droughts, it 35 
is necessary to understand its behavior during past events. Satellite observations provide a 36 
practical source of continuous observations of Amazonian forest. Here we used a passive 37 
microwave-based vegetation water content record (i.e., vegetation optical depth, VOD), 38 
together with multiple hydrometeorological observations as well as conventional satellite 39 
vegetation measures, to investigate the rainforest canopy dynamics during the 2005 and 2010 40 
droughts. During the onset of droughts in the wet-to-dry season (May–July) of both years, we 41 
found large-scale positive anomalies in VOD, leaf area index (LAI) and enhanced vegetation 42 
index (EVI) over the southern Amazonia. These observations are very likely caused by 43 
enhanced canopy growth. Concurrent below-average rainfall and above-average radiation 44 
during the wet-to-dry season can be interpreted as an early arrival of normal dry season 45 
conditions, leading to enhanced new leaf development and ecosystem photosynthesis, as 46 
supported by field observations. Our results suggest that further rainfall deficit into the 47 
subsequent dry season caused water and heat stress during the peak of 2005 and 2010 48 
droughts (August–October) that exceeded the tolerance limits of the rainforest, leading to 49 
widespread negative VOD anomalies over the southern Amazonia. Significant VOD 50 
anomalies were observed mainly over the western part in 2005 and mainly over central and 51 
eastern parts in 2010. The total area with significant negative VOD anomalies was 52 
comparable between these two drought years, though the average magnitude of significant 53 
negative VOD anomalies was greater in 2005. This finding broadly agrees with the field 54 
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observations indicating that the reduction in biomass carbon uptake was stronger in 2005 than 55 
2010. The enhanced canopy growth preceding drought-induced senescence should be taken 56 
into account when interpreting the ecological impacts of Amazonian droughts. 57 
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1. Introduction 74 
The Amazonian rainforest plays a critical role in the global hydrological and carbon cycles 75 
(Pan et al., 2011). However, over the last decades, droughts over Amazonia have intensified 76 
(Marengo & Espinoza, 2016), with a once-in-a-century drought in 2005 followed by even 77 
more severe droughts in 2010 (Lewis et al., 2011) and 2015 (Jiménez-Muñoz et al., 2016). 78 
These large-scale droughts resulted in unprecedented low river discharges (Xu et al., 2011), 79 
increased tree mortality (Phillips et al., 2009) and a reversal of a large and long-term net 80 
carbon uptake (Doughty et al., 2015, Feldpausch et al., 2016, Gatti et al., 2014, Lewis et al., 81 
2011).   82 
To better anticipate Amazonian rainforest response to severe droughts in the future and the 83 
associated influence on the carbon cycle, it is important to characterize and understand its 84 
forest dynamic behavior during the 2005 and 2010 droughts. A long-term research network, 85 
RAINFOR, has been monitoring more than 100 forest plots across Amazonia over several 86 
decades. These field observations suggest that increased tree mortality in 2005 was the main 87 
cause for reduced carbon uptake and was strongly related to drought severity (Phillips et al., 88 
2009). In the 2010 drought, Feldpausch et al. (2016) found that a combination of increased 89 
tree mortality and slow tree growth was the primary reason for reduced carbon uptake, but the 90 
distribution of increased tree mortality in 2010 seemed unrelated to local precipitation 91 
anomalies and independent of local pre-2010 drought history. Furthermore, rainfall deficit in 92 
2010 occurred over a larger area than in 2005 (Phillips et al., 2009), but the overall reduction 93 
in carbon uptake was greater in 2005 (Feldpausch et al., 2016). Comparing the 94 
hydrometeorological conditions and forest dynamics in 2005 and 2010 should contribute to a 95 
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better understanding of different Amazonian rainforest responses during these two droughts.     96 
In addition to field studies, vegetation properties derived by different remote sensing 97 
techniques have also been used to investigate Amazonian rainforest responses during the two 98 
droughts. Two vegetation indices derived from the optical Moderate Resolution Imaging 99 
Spectroradiometer (MODIS), the Normalized Difference Vegetation Index (NDVI) and the 100 
Enhanced Vegetation Index (EVI), have extensively been used to characterize rainforest 101 
canopy greenness. Widespread below-average canopy greenness was observed in the dry 102 
season (July–September) during the 2010 drought from NDVI and EVI (Atkinson et al., 2011, 103 
Xu et al., 2011), but there is debate about the canopy greenness anomalies in the 2005 dry 104 
season (Saleska et al., 2007, Samanta et al., 2010). Interpretation of these optical sensor 105 
observations is challenging as they are strongly influenced by sun-sensor geometry changes and 106 
atmospheric effects, e.g., clouds and aerosols (Morton et al., 2014, Saleska et al., 2016, 107 
Samanta et al., 2010). Over southern Amazonia, the aerosol concentration was extremely high 108 
during the 2005 and 2010 dry season due to large-scale biomass burning (Ten Hoeve et al., 109 
2012), which makes it difficult to obtain reliable optical sensor observations of the vegetation 110 
canopy.    111 
Satellite-based sun-induced chlorophyll fluorescence (SIF) and active microwave (i.e., radar) 112 
observations were also explored to understand Amazon drought responses (Lee et al., 2013b, 113 
Saatchi et al., 2012). Lee et al. (2013b) utilized the SIF measured by the Greenhouse gases 114 
Observing SATallite (GOSAT) launched in January 2009. SIF was reduced by 15% across 115 
Amazonia during the extended dry season of 2010 compared with the non-drought year 2009. 116 
Saatchi et al. (2012) used the radar backscatter at microwave frequency (13.4 GHz) from the 117 
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SeaWinds Scatterometer onboard QuickSCAT (QSCAT, launched in June 1999 and 118 
deactivated in November 2009). An advantage of active microwave sensor observations is 119 
that they are minimally affected by clouds and aerosols. They found a strong negative 120 
anomaly in the radar backscatter over southwestern Amazonia during the 2005 drought, 121 
indicating impacts on the canopy structure and a decline in canopy moisture. Despite the 122 
importance of these studies, neither covers both the 2005 and 2010 droughts. 123 
The passive microwave-based vegetation optical depth (VOD) (Owe et al., 2001), derived from 124 
6.9 GHz observations by the Advanced Microwave Scanning Radiometer – Earth Observing 125 
System (AMSR-E, June 2002 – October 2011) onboard NASA’s Aqua Satellite, covers both 126 
2005 and 2010 droughts, and can represent the canopy water content dynamics over 127 
closed-canopy Amazonian rainforest, including leaf and branches components (Andela et al., 128 
2013, Jones et al., 2013, Liu et al., 2015). The advantages of passive microwave-based VOD 129 
include that the signal remains sensitive to variations at a relatively high biomass density (Zhou 130 
et al., 2014); that, similarly to radar, it is minimally affected by clouds and aerosols, which are 131 
very frequent in Amazonia; and that it is less affected by sun-sensor geometry issues, as it relies 132 
on natural microwave emission from the Earth rather than reflected sunlight.   133 
The field observations suggest the mechanisms for reduced carbon uptake in rainforests were 134 
different in 2005 and 2010 droughts (Feldpausch et al., 2016). Therefore, the primary objective 135 
of this study is to analyze the spatiotemporal evolution of these two droughts based on the 136 
passive microwave-based AMSR-E VOD and a series of satellite-based hydrometerological 137 
observations and identify their unique characteristics to better understand the similarities and 138 
differences in Amazonian rainforest responses between 2005 and 2010 events. Specifically, the 139 
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rainforest canopy anomalies from satellite observations during both droughts are investigated 140 
together with the hydrometeorological variables over the extended dry season (May – October), 141 
which covers both the drought onset and peak periods.  142 
2. Materials and Methods 143 
2.1 Satellite-based datasets 144 
We utilized several independent sources of satellite data to characterize vegetation and 145 
hydrometeorological dynamics over Amazonia (see Table 1). All data cover the same period 146 
from January 2003 through December 2010. The focus is on the dynamics of intact rainforest 147 
during 2005 and 2010 droughts. The 0.05° MODIS land cover product (MCD12C1, v051) 148 
based on the International Geosphere-Biosphere Programme (IGBP) classification scheme 149 
(Friedl et al., 2010) for the year 2010 was used to delineate the spatial distribution of 150 
Amazonian forests (see Fig. 1a).    151 
A new source of vegetation data used here is the passive microwave-based vegetation optical 152 
depth (VOD) at 0.10° spatial resolution. The VOD data were obtained based on brightness 153 
temperature derived from C-band (6.9 GHz) and Ka-band (36.5 GHz) observations by the 154 
Advanced Microwave Scanning Radiometer – Earth Observing System (AMSR-E) onboard 155 
the Aqua satellite. These were retrieved using the Land Parameter Retrieval Model (LPRM) 156 
(Meesters et al., 2005, Owe et al., 2008, Owe et al., 2001). The smoothing filter-based 157 
intensity modulation (SFIM) approach was utilized to downscale brightness temperature to 158 
0.10° spatial resolution (Santi, 2010), and then the downscaled brightness temperature was 159 
used as the input to LPRM (de Jeu et al., 2014, Parinussa et al., 2014). The VOD is a 160 
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dimensionless variable and can be interpreted as being directly proportional to the total 161 
vegetation water content, but varying with wavelength, vegetation structure and viewing 162 
angle (Jackson & Schmugge, 1991, Kerr & Njoku, 1990, Kirdyashev et al., 1979). Over 163 
closed canopy rainforest, the C-band VOD retrievals can be assumed to represent water 164 
content dynamics at the canopy level, including the leaves and branches (Guglielmetti et al., 165 
2007, Jones et al., 2011, Jones et al., 2014).  166 
An important assumption in the LPRM approach is that canopy surface temperature is equal 167 
to soil surface temperature (Meesters et al., 2005, Owe et al., 2008, Owe et al., 2001). The 168 
minimal temperature gradients during the night are therefore more favorable for the retrieval, 169 
while the uncertainty is expected to be higher for the day-time overpasses. AMSR-E has daily 170 
descending (01:30 equatorial local crossing time) and ascending (13:30 equatorial local 171 
crossing time) overpasses. The VOD retrievals from both night- and day-time overpasses 172 
were used in this study, with the emphasis on the night-time VOD. Hereafter VOD represent 173 
retrievals from night-time overpasses, except where specified otherwise. Optical satellite 174 
vegetation data were also used to characterize canopy dynamics, including LAI and EVI. LAI 175 
is defined as the one-sided green leaf area per unit ground area. The LAI product used is the 176 
latest version (Collection 6) of MODIS from Terra and Aqua combined (Yan et al., 2016a, 177 
Yan et al., 2016b). For EVI, the Multi-Angle Implementation of Atmospheric Correction 178 
(MAIAC, Collection 6) MODIS product was used. Advantages of the MAIAC data are that 179 
they received more sophisticated atmospheric correction, more accurate and less conservative 180 
cloud detection, improved sensor calibration, and sun-sensor geometry correction (Bi et al., 181 
2016, Lyapustin et al., 2011a, Lyapustin et al., 2011b, Lyapustin et al., 2012). These data 182 
10 
 
represent the state-of-the-art in accounting for aerosol and bidirectional reflectance 183 
distribution function (BRDF) effects, but some noise may still exist (Bi et al., 2016).            184 
The hydrometeorological variables used here include (1) rainfall (P) from the Tropical 185 
Rainfall Measuring Mission (TRMM 3B43 v7) (Huffman et al., 2007), (2) photosynthetically 186 
active radiation (PAR) from the Clouds and Earth’s Radiant Energy System (CERES, 187 
SYN1deg Ed3A) on Aqua and Terra combined (Wielicki et al., 1996), (3) terrestrial water 188 
storage (TWS) dynamics estimated by removing the signals of other geophysical processes 189 
from the gravity field measured from the Gravity Recovery and Climate Experiment (GRACE) 190 
(Landerer & Swenson, 2012, Swenson & Wahr, 2006) , (4) land surface temperature (LST) 191 
from the daytime overpass (1:30 PM) of the Atmospheric Infrared Sounder (AIRS) onboard 192 
Aqua (version 6). Aerosol optical depth (AOD) and cloud optical thickness (COT) from the 193 
Terra MODIS instrument (Platnick et al., 2015) were used to characterize atmospheric 194 
conditions. In addition, near surface air temperature (Ta) and surface relative humidity (RH) 195 
from both the daytime and nighttime overpasses (1:30 PM and 1:30 AM, respectively) of the 196 
Atmospheric Infrared Sounder (AIRS) (version 6) were used to calculate vapor pressure 197 
deficit (VPD, see the section below). 198 
2.2 Data pre-processing  199 
For a more direct comparison, data were resampled to a monthly and 0.10° resolution by 200 
aggregation or bilinear interpolation from their original resolutions. To minimize the influence 201 
of non-forest vegetation dynamics, the Amazonian forests are defined here as the 0.10° grid 202 
cells in which all four 0.05° grid cells have the same evergreen broadleaf forest land cover 203 
type (Fig. 1a). The presence of large-scale open water affects microwave emissions (Liu et al., 204 
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2013). Therefore, the grid cells alongside the Amazon River (obtained from Digital Chart of 205 
the World) were masked out before analyzing VOD. Figure 1b shows that average VOD 206 
values over forests are generally greater than 0.9; we considered that the signal in grid cells 207 
with VOD < 0.9 was influenced by the presence of open water, hence these grid cells were 208 
excluded from the analysis. 209 
 210 
Fig 1. Spatial distribution of vegetation characteristics over the study area. (a) Land cover 211 
map (at 0.10° spatial resolution) over Amazonia based on the 0.05° MODIS IGBP 212 
classification product for 2010. ‘Intact forest’ means that all four 0.05° grid cells in one 0.10° 213 
grid cell are classified as forest. (b) The ‘intact forest’ in southern Amazonia (2.5°S–12.5°S, 214 
75°W–50°W as outlined) is the study area of this paper. The annual average VOD value at 215 
0.10° spatial resolution is displayed in the background. A brief comparison between the 216 
downscaled (0.10°) and original (0.25°) VOD data can be found in Fig. S1.  217 
Atmospheric VPD is the difference between the theoretical pressure corresponding to 218 
saturated water vapor in the air (es) and the actual pressure of water vapor in the air (ea); it is a 219 
measure of the evaporative demand of the atmosphere. Higher VPD reflects higher 220 
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atmospheric moisture demand (Seager et al., 2015), and this can exacerbate physiological 221 
stress on vegetation under drought conditions, thereby reducing the photosynthesis (Jarvis 222 
1976, Leuning 1995). The AIRS-based near surface air temperature (Ta) represents 223 
observations around 1:30 PM and 1:30 AM, close to the maximum and minimum daily 224 
surface air temperature, respectively (i.e., TaMAX and TaMIN in °C). Accordingly, surface 225 
relative humidity (RH, %) observations around 1:30 PM and 1:30 AM should be close to the 226 
minimum and maximum daily RH as well (i.e., RHMIN and RHMAX). The VPD (in kPa) is 227 
calculated as es – ea, where: 228 
es = [e
o
(TaMAX) + e
o
(TaMIN)] / 2    (1) 229 
e
o
(TaMAX) = 0.6108 × exp[17.27 × TaMAX / (TaMAX + 237.3)]   (2) 230 
e
o
(TaMIN) = 0.6108 × exp[17.27 × TaMIN / (TaMIN + 237.3)]   (3) 231 
ea = [e
o
(TaMAX) × (RHMIN / 100) + e
o
(TaMIN) × (RHMAX / 100)] / 2  (4) 232 
2.3 Analysis Methods 233 
First, we examined the temporal evolution of hydrometeorological conditions over southern 234 
Amazonia. The seasonal cycle of hydrometeorological variables over southern Amazonia in 235 
non-drought years was calculated by taking the average for 2003–2010 but excluding 2005 236 
and 2010, for P, PAR, AOD, COT, TWS, LST and VPD. The anomalies of these variables 237 
during the extended dry season (May–October) in 2005 and 2010 were calculated with respect 238 
to the seasonal cycle of non-drought years. In addition, TWS represents a vertically-integrated 239 
sum of all water stores, including ground water, soil moisture, surface water and vegetation 240 
water. In non-drought years, when TWS reaches its minimum value during the dry season 241 
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(referred to as TWSMIN) (Guan et al., 2015), the sap flow and transpiration can remain at a high 242 
level, and there is little evidence for limitation of water use (Fisher et al., 2006, 2007). New leaf 243 
development and ecosystem photosynthesis increase during the dry season according to field 244 
observations (Wu et al., 2016). However, under drought conditions, soil moisture falls below 245 
the dry-season level for non-drought years, and sap flow is substantially reduced due to water 246 
limitation (Fisher et al., 2006, 2007). As such, we consider TWSMIN as a threshold level: when 247 
TWS>TWSMIN, sufficient water storage is assumed to be available for vegetation water demand, 248 
and when TWS<TWSMIN, water deficit is assumed to occur. Likewise, LSTMAX and VPDMAX, 249 
which represent the maximum values of LST and VPD during the dry season of non-drought 250 
years, are also used as thresholds. The differences between the actual values in drought years 251 
and TWSMIN, LSTMAX and VPDMAX were calculated for each grid cell during the onset and peak 252 
of droughts, to represent the temporal and spatial patterns of water deficit and heat stress. 253 
For the vegetation indices (including VOD, EVI and LAI), standardized anomalies were 254 
calculated for a direct comparison with each other. For each grid cell, the anomaly represents 255 
the departure from the average for the same months within the reference period. These values 256 
were standardized by division over the corresponding standard deviation within the reference 257 
period. Here the reference period is 2003–2010 but excluding 2005 and 2010.  258 
The non-parametric Wilcoxon signed rank test (Gibbons & Chakraborti, 2011) was used to 259 
calculate the statistical significance of the anomalies. In this study, this test was first used to 260 
identify the grid cells over which the anomalies during droughts are statistically different from 261 
non-drought years at p<0.05. It was also used to determine whether the anomalies between 262 
2005 and 2010 events were statistically different at p<0.05. 263 
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Potential evapotranspiration is estimated to be around 100 mm per month over Amazonia with 264 
relatively small variations between dry and wet seasons (Aragao et al., 2007, Guan et al., 265 
2015). It is normal for monthly rainfall to drop below 100 mm in the dry season of 266 
non-drought years. Here we considered months which received rainfall below 100 mm and 267 
also significantly (p<0.05) below the average for non-drought years, which is expected to 268 
cause soil moisture depletion. To delineate the severity of soil moisture stress, the total 269 
number of months with rainfall below 100 mm and significantly (p<0.05) below average was 270 
calculated between May and October in 2005 and 2010 for each grid cell.   271 
272 
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Table 1. List of satellites datasets used in this study 273 
Dataset 
Sensor/ 
Platform 
Original 
spatial 
resolution 
Sources 
Vegetation characteristics 
Land Cover 
Type 
MODIS/ 
Terra and 
Aqua 
0.05° 
http://e4ftl01.cr.usgs.gov/MOTA/MCD12C1.051/2010.01.01 
(‘IGBP global vegetation classification scheme’) 
Vegetation 
Optical Depth 
(VOD) 
AMSR-E/ 
Aqua 
0.10° 
(~10km) 
Derived using the LPRM algorithm and the SFIM downscaling 
technique, and VOD data available upon request 
Leaf Area 
Index (LAI) 
MODIS/ 
Terra and 
Aqua 
0.5km 
https://e4ftl01.cr.usgs.gov/MOTA/MCD15A2H.006 
MCD15A2H (V006) 
Enhanced 
Vegetation 
Index (EVI) 
MODIS/ 
Terra and 
Aqua 
1km 
ftp://dataportal.nccs.nasa.gov/DataRelease/SouthAmerica/VI  
(MAIAC Collection 6) 
Hydrometeorological variables 
Rainfall 
(P) 
TRMM and  
other 
satellites 
0.25° 
ftp://disc2.nascom.nasa.gov/ftp/data/s4pa/TRMM_L3/TRMM_3B43 
(TRMM 3B43 v7) 
Photosyntheti
cally Active 
Radiation 
(PAR) 
CERES/ 
Terra and 
Aqua 
1° 
https://ceres-tool.larc.nasa.gov/ord-tool/jsp/SYN1degSelection.jsp 
(PAR Surface Flux Direct' and PAR Surface Flux Diffuse') 
Aerosol 
Optical Depth 
(AOD) 
MODIS/ 
Terra 
1° 
https://ladsweb.modaps.eosdis.nasa.gov/archive/allData/6/MOD08_M3 
( ‘Aerosol_Optical_Depth_Land_Ocean_Mean_Mean’) 
Cloud Optical 
Thickness 
(COT) 
MODIS/ 
Terra 
1° 
https://ladsweb.modaps.eosdis.nasa.gov/archive/allData/6/MOD08_M3 
( ‘Cloud_Optical_Thickness_Combined_Mean_Mean’) 
Terrestrial 
Water 
Storage 
(TWS) 
GRACE 1° 
ftp://podaac-ftp.jpl.nasa.gov/allData/tellus/L3/land_mass/RL05 
(RL05.DSTvSCS1401, simple arithmetic mean of JPL, CSR and GFZ 
fields used) 
Surface Skin 
Temperature 
(LST) 
AIRS/ 
Aqua 
1° 
ftp://acdisc.sci.gsfc.nasa.gov/data/s4pa/Aqua_AIRS_Level3  
('SurfSkinTemp_A') 
‘A’ representing ascending overpasses with equatorial crossing time 
1:30PM 
Surface Air 
Temperature 
(Ta) 
AIRS/ 
Aqua 
1° 
ftp://acdisc.sci.gsfc.nasa.gov/data/s4pa/Aqua_AIRS_Level3  
('SurfAirTemp_A' and 'SurfAirTemp_D') 
‘D’ representing ascending overpasses with equatorial crossing time 
1:30AM 
Surface 
Relative 
Humidity 
(RH) 
AIRS/ 
Aqua 
1° 
ftp://acdisc.sci.gsfc.nasa.gov/data/s4pa/Aqua_AIRS_Level3  
('RelHumSurf_A' and ' RelHumSurf _D') 
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3. Results and Discussion 274 
3.1 Hydrometeorological anomalies in 2005 and 2010 droughts 275 
Over southern Amazonia (2.5–12.5°S, 50–75°W, Fig. 1b), there is a strong seasonal cycle in 276 
rainfall (P) and photosynthetically active radiation (PAR) (Fig. 2a). The average rainfall from 277 
May through October is much lower than other months, with July and August being the driest. 278 
Radiation reaches its lowest value in May, starts increasing from June and stays at a high level 279 
over July – October. The seasonal cycle of clouds (COT) is similar to rainfall, with low values 280 
in the dry season (Fig. 2b). In contrast, the aerosol concentration (AOD) is much higher 281 
during the dry season (August–October) mainly due to large-scale biomass burning activities 282 
(Artaxo et al., 2013).  283 
Figure 2c shows the seasonal cycle of TWS, LST and VPD over southern Amazonia. The 284 
TWS reaches its peak value in April and starts to decline from May onwards. After hitting its 285 
lowest value in October (referred to as TWSMIN), it increases again with increased rainfall and 286 
decreased radiation. Both VPD and LST increase at the start of the dry season and reach the 287 
highest values in August and October, respectively, which are referred to as VPDMAX and 288 
LSTMAX.   289 
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 290 
Fig 2. Hydrometeorological dynamics over southern Amazonia during non-drought years. 291 
Seasonal cycles of rainfall (P, mm month
-1
), photosynthetically active radiation  (PAR, W 292 
m
-2
), aerosol optical depth (AOD), cloud optical thickness (COT), terrestrial water storage 293 
(TWS, mm), land surface temperature (LST, K) and vapor pressure deficit (VPD, kPa) over 294 
the intact forest region in southern Amazonia during non-drought years (i.e., averaged over 295 
2003–2010, excluding 2005 and 2010). The anomalies in 2005 and 2010 will be examined in 296 
detail over the extended dry season (May–October) that is outlined by the blue box.   297 
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Given the difference in the timing of the rainfall anomalies between 2005 and 2010, we 298 
separately considered hydrometeorological conditions during the onset of droughts in the 299 
wet-to-dry season (May–July) and during the peak of droughts in the dry season 300 
(August–October) (Fig. 3). Strong rainfall anomalies were observed in the wet-to-dry season 301 
in 2005, whereas the rainfall in 2010 was only slightly below average (Fig. 3a). By contrast, 302 
rainfall deficits were observed in the dry season in both years, but much stronger in 2010.    303 
In both years, radiation was generally above average during the wet-to-dry season and below 304 
average during the dry season (Fig. 3b), but the magnitudes of anomalies differed between 305 
these two years. Radiation was above average in May and June of both years corresponding to 306 
below-average cloudiness. While radiation was still above average in July 2005, increased 307 
cloud cover reduced radiation to below average in July 2010. Conversely, greater aerosol 308 
loads and cloudiness in August–September 2005 caused a stronger negative radiation anomaly 309 
when compared to 2010 (Fig. 3c, d). Negative rainfall and high-level radiation caused strong 310 
anomalies in TWS, LST and VPD (Fig. 3e, f, g). These variables exceeded their ranges of 311 
non-drought years, with stronger magnitudes in 2010. 312 
Spatially, significant negative anomalies in rainfall were primarily observed over 313 
southwestern Amazonia during both wet-to-dry and dry seasons in 2005, and over entire 314 
southern Amazonia during the dry season in 2010 (Fig. 4a, b, c, d). Spatial patterns of positive 315 
radiation anomalies agreed well with negative rainfall anomalies during the wet-to-dry season 316 
in both years (Fig. 4e, f). The overall positive radiation anomalies can be attributed to strong 317 
positive anomalies in direct PAR and weak negative anomalies in diffuse PAR (Fig. S2) as a 318 
consequence of reduced cloud cover and/or aerosol loads. On the other hand, strong negative 319 
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anomalies in radiation related to high aerosol content were observed in the dry season of both 320 
events, with greater magnitudes and spatial coverage in 2005 (Fig. 4g, h). 321 
 322 
Fig 3. Hydrometeorological anomalies over southern Amazonia in the 2005 and 2010 323 
droughts. Time series of monthly average (a) rainfall (P), (b) photosynthetically active 324 
radiation (PAR), (c) aerosol optical depth (AOD), (d) cloud optical thickness (COT), (e) 325 
terrestrial water storage (TWS), (f) land surface temperature (LST) and (g) vapor pressure 326 
deficit (VPD) over southern Amazonia from May through October in 2005 and 2010 in 327 
comparison with non-drought years, respectively. 328 
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 329 
Fig 4. Anomalies in rainfall (P, mm) and photosynthetically active radiation (PAR, W m
-2
) for 330 
the onset of drought during the wet-to-dry season (May–July) and the peak of drought during 331 
the dry season (August–September) of 2005 and 2010. Anomalies represent the departure 332 
from the average of non-drought years. The areas with statistically significant anomalies 333 
based on non-parametric Wilcoxon signed rank test (p<0.05) are hatched. 334 
335 
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3.2 Vegetation response during the onset of droughts  336 
Figure 5 shows the standardized anomalies in VOD, LAI and EVI during the onset of 337 
droughts in the wet-to-dry season (May–July) of 2005 and 2010. As the concentration of 338 
atmospheric aerosols was low in these three months (Fig. 3c), the optical vegetation 339 
information (i.e., LAI and EVI) can be expected to be reliable. These three vegetation 340 
variables represent different properties of the forest canopy (i.e., VOD for canopy water 341 
content, LAI for leaf area and EVI for canopy greenness), but all show large-scale positive 342 
anomalies during the onset of both droughts. Table 2 lists the percentage of southern 343 
Amazonia with VOD, LAI and EVI anomalies of different magnitudes during the onset of 344 
droughts in 2005 and 2010. The median anomalies in VOD, LAI and EVI were all positive in 345 
both years, but their magnitudes differed significantly (p<0.05) and were stronger overall in 346 
2005 than in 2010. 347 
These positive anomalies in VOD, LAI and EVI in both years, as well as their differences, 348 
seem related to the hydrometeorological conditions. In 2005, strong rainfall deficits during the 349 
onset of droughts were associated with above-average radiation (Fig. 3a, b), resulting in a 350 
positive anomaly in both VPD and canopy temperature, and a negative anomaly in terrestrial 351 
water storage (Fig. 3e, f, g). However, they did not exceed the VPDMAX, LSTMAX and 352 
TWSMIN observed during non-drought years (Fig. 6), suggesting (1) that there was a higher 353 
atmospheric moisture demand but still sufficient soil water supply remained available for 354 
photosynthesis and growth and (2) that heat and water stress in the top of the canopy were 355 
within the typical dry season ranges. In addition, the diurnal VOD signals between drought 356 
and non-drought years were compared following the approach in Konings and Gentine (2017). 357 
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The results suggest that there is little evidence for stomatal closure during the onset of 358 
droughts over southern Amazonia in May–July 2005 and 2010 compared to the non-drought 359 
years (Fig. S3). 360 
Below-average rainfall and above-average radiation during the onset of droughts appears to 361 
be equivalent to an early arrival of normal dry season, during which enhanced leaf 362 
development and ecosystem photosynthesis in Amazonia are observed according to field 363 
observations (Wu et al., 2016). The strong positive anomalies in VOD, LAI, and EVI, 364 
occurred during these three months, are therefore consistent with the expected increase in leaf 365 
production under sufficient soil water supply (Brando et al., 2010, Nepstad et al., 1994). The 366 
enhanced canopy growth in May–July 2005 was much stronger than 2010, which is very 367 
likely due to the greater positive anomalies in radiation in 2005 (as shown Fig. 3 and 4). 368 
Furthermore, the distribution of standardized anomalies in VOD during the onset of droughts 369 
was compared with that at the end of 2004 and 2009. The results suggest that the positive 370 
anomalies in VOD during the onset of both droughts are likely caused by the unusual 371 
hydrometeorological conditions in the drought years, and not a delayed response to the 372 
previous year (Fig. S4).  373 
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 374 
Fig 5. Standardized anomalies in vegetation indicators during the onset of droughts 375 
(May–July) in 2005 and 2010. Units represent the number of standard deviations as a 376 
departure from the average of non-drought years in (a and b) night-time vegetation optical 377 
depth (VOD), (c and d) leaf area index (LAI), and (e and f) enhanced vegetation index (EVI). 378 
Areas with statistically significant anomalies based on the non-parametric Wilcoxon signed 379 
rank test (p<0.05) are hatched. 380 
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 381 
Fig 6. (a and b) Mean TWS over May–July minus TWSMIN during the non-drought years for 382 
each grid cell (ΔTWS). (c and d) Mean LST over May–July minus LSTMAX during the 383 
non-drought years (ΔLST). (e and f) Mean VPD over May–July minus VPDMAX during the 384 
non-drought years (ΔVPD).  385 
 386 
 387 
 388 
 389 
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Table 2. Percentage of southern Amazonia corresponding to different anomaly magnitudes for 390 
VOD, LAI and EVI during May – July in 2005 and 2010. 391 
May 
<-2 -2 to -1 -1 to 1 1 to 2 >2 
Total 
Median Significantly 
 
diff 
– 
 
 
 
anomaly different 
July SD
1
 SD SD SD SD ± SD (p<0.05) 
 VOD 
2005 0.9% 3.9% 58.2% 25.6% 11.3% 100% 
0.77  
± 1.09 
Yes 
2010 2.6% 9.1% 67.8% 14.6% 5.9% 100% 
0.21 
± 1.09  
LAI 
2005 0.1% 0.3% 29.3% 44.1% 26.3% 100% 
1.39 
Yes 
± 1.12 
2010 0.9% 3.9% 51.2% 31.8% 12.1% 100% 
0.86 
± 1.15 
EVI 
2005 0.2% 0.9% 32.8% 34.9% 31.1% 100% 
1.43 
Yes 
± 1.32 
2010 0.4% 1.4% 40.1% 32.1% 25.9% 100% 
1.21 
± 1.41 
  1 SD: standard deviation 392 
3.3 Vegetation response during the peak of droughts 393 
Due to the presence of extremely high atmospheric aerosols during the peak of 2005 and 2010 394 
droughts (Fig. 3c), the accuracy of optical observations is expected to be adversely affected. 395 
Therefore we excluded LAI and EVI from this section and only focused on VOD. Anomalies 396 
in canopy water content (represented by VOD) during the peak of droughts (August–October) 397 
of both drought years are presented in Fig. 7. Significantly negative anomalies in VOD were 398 
found primarily over southwestern Amazonia in 2005 (Fig. 7a). The spatial pattern of VOD 399 
anomalies agrees well with the findings of Saatchi et al. (2012) in which the radar backscatter 400 
from QSCAT was used to characterize the anomalies in canopy structure and moisture in 2005. 401 
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In the event of 2010, significantly negative anomalies in VOD were more widespread, 402 
covering the central and eastern parts of southern Amazonia (Fig. 7b). Similar spatial patterns 403 
of negative VOD anomalies were also found in the day-time retrievals despite higher 404 
uncertainties (Fig. S5).   405 
Table 3 summarizes the fractions of southern Amazonia (%) for different magnitudes of VOD 406 
anomalies during the peak of droughts (August–October) of both events. When all grid cells 407 
over southern Amazonia are considered, 14.3% and 14.8% of the area showed anomalies 408 
more than two standard deviations below the average for non-drought years (i.e., <-2 SD) in 409 
2005 and 2010, respectively. The median (±SD) standardized anomaly is -0.51 (± 2.07) and 410 
-0.56 (± 1.48), respectively for 2005 and 2010; their difference is not statistically significant 411 
(i.e., p>0.05) based on non-parametric Wilcoxon signed rank test. When only taking account 412 
the grid cells with strong negative anomalies (i.e., less than two standard deviations), the 413 
mean standardized anomaly is -2.78 and -2.65 for 2005 and 2010, respectively; this difference 414 
is statistically significant (p<0.05).  415 
416 
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 417 
Fig 7. Standardized anomalies in night-time VOD during the peak of droughts 418 
(August–October) in 2005 and 2010. Units represent the number of standard deviations as a 419 
departure from the average of non-drought years. Areas with statistically significant 420 
anomalies based on non-parametric Wilcoxon signed rank test (p<0.05) are hatched. 421 
Table 3. Percentage of southern Amazonia corresponding to different anomaly magnitudes for 422 
VOD during August–October in 2005 and 2010. 423 
For all grid cells over southern Amazonia 
August 
<-2 -2 to -1 -1 to 1 1 to 2 >2 
Total 
Median Significantly 
 
diff 
– 
 
 
 
anomaly different 
October SD SD SD SD SD ± SD (p<0.05) 
2005 14.3% 19.7% 56.3% 6.9% 2.8% 100% 
-0.51 
No 
± 2.07 
2010 14.8% 21.6% 51.0% 8.7% 3.9% 100% 
-0.56 
± 1.55 
 
For the grid cells with “<-2 SD” anomaly 
August 
<-6 -6 to -5 -5 to -4 -4 to -3 -3 to -2 
Total 
Median Significantly 
 
diff 
– 
 
 
 
anomaly different 
October SD SD SD SD SD ± SD (p<0.05) 
2005 0.7% 0.6% 1.3% 3.3% 8.4% 14.3% 
-2.78 
Yes 
± 1.36 
2010 0.3% 0.4% 1.1% 3.2% 9.8% 14.8% 
-2.65 
± 1.02 
 424 
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Meanwhile, terrestrial water storage was well below TWSMIN, and canopy temperatures and 425 
vapor pressure deficit were above LSTMAX and VPDMAX, respectively (Fig. 8a-f). Similar 426 
spatiotemporal patterns in VPD were found when using ERA-interim data (see Fig. S6), 427 
further supporting the AIRS-based VPD estimates. These strong anomalies were observed 428 
over large parts of southwestern Amazonia in 2005 and over the central and eastern parts of 429 
southern Amazonia in 2010. While the magnitude and spatial coverage of negative TWS 430 
anomalies were greater in 2010 (Fig. 8a, b), the soil moisture stress based on the magnitude 431 
and duration of rainfall deficit was much stronger in 2005 (Fig. 8g, h). The spatial agreements 432 
between negative VOD anomalies and hydrometeorological anomalies strongly suggest that 433 
below-average canopy water content resulted from the combined effects of severe water stress 434 
and heat stress, which agrees with the findings of Toomey et al. (2011). They found that 435 
jointly considering heat and moisture stress can better explain the reduction of aboveground 436 
living biomass observed by the ground RAINFOR network.     437 
29 
 
 438 
Fig 8. (a and b) Mean TWS over August–October minus TWSMIN during the non-drought 439 
years for each grid cell (ΔTWS). (c and d) Mean LST over August–October minus LSTMAX 440 
during the non-drought years (ΔLST). (e and f) Mean VPD over August–September minus 441 
VPDMAX during the non-drought years (ΔVPD). (g and h) Total number of months with 442 
monthly rainfall below 100 mm and significantly below average of non-drought years, 443 
between May and October in 2005 and 2010 respectively for each grid cell. 444 
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3.4 Possible causes for the difference in response to 2005 and 2010 drought events 445 
During the 2005 and 2010 droughts, significantly negative anomalies in canopy water content, 446 
represented by VOD, were found primarily over southwestern Amazonia in 2005, while 447 
negative VOD anomalies were located in central and eastern parts of southern Amazonia in 448 
2010. The total areas with negative VOD anomalies greater than two standard deviations were 449 
similar during the two droughts (i.e., 14.3% and 14.8%, respectively). When only considering 450 
the grid cells with more than two standard deviations below the average, the 2005 drought 451 
showed a significantly more severe decline in canopy water content. This qualitatively agrees 452 
with field observations that suggest the reduction in carbon uptake was stronger in 2005 than 453 
2010 (Feldpausch et al., 2016). Interestingly, Feldpausch et al. (2016) also found that reduced 454 
carbon uptake was primarily caused by increased tree mortality in 2005, but by a combination 455 
of high mortality and slow tree growth in 2010. During both droughts, reduced carbon uptake 456 
(i.e., the combined effect of tree mortality and slow tree growth) was related to the strength of 457 
moisture deficit. But in 2010, there was no clear relationship between increased tree mortality 458 
and water deficit anomaly (Feldpausch et al., 2016).  459 
Our findings help to scale up and explain these field observations. Firstly, the duration of soil 460 
moisture depletion (i.e., monthly rainfall below 100 mm and significantly below average of 461 
non-drought years) was much greater in 2005 than 2010 (Fig. 8g, h). A large part of 462 
southwestern Amazonia experienced three or more months of soil moisture depletion in 2005, 463 
whereas only a few small areas did in 2010. Moreover, enhanced canopy growth during the 464 
onset of 2005 drought in the wet-to-dry season (May–July) would accelerate soil moisture 465 
depletion. Significant negative VOD anomalies were found in these regions with three or 466 
31 
 
more months of soil moisture depletion in both droughts, regardless of the magnitude of 467 
temperature and VPD anomalies. This suggests that soil moisture stress in these regions may 468 
have exceeded the tolerance limit of the rainforest, resulting in declines in canopy water 469 
content and presumably increased tree mortality. 470 
Secondly, from the onset to the peak of drought in 2010, most of southern Amazonia 471 
experienced only one month of soil moisture depletion (Fig. 8h), mainly in August and 472 
September. This indicates that a soil water deficit likely occurred in the shallow soil, rather 473 
than at greater depth. Then high canopy temperature and atmospheric moisture demand during 474 
August–September 2010 appeared to have resulted primarily from a concurrent strong rainfall 475 
deficit and high radiation flux, rather than insufficient soil water supply alone. The high 476 
temperatures and atmospheric moisture demand can cause near-instantaneous declines in 477 
carbon assimilation and slow tree growth (Doughty & Goulden, 2008, Toomey et al., 2011), 478 
but may not have been severe enough to cause large-scale mortality.            479 
The above findings are supported by the two partial throughfall exclusion experiments (TFEs) 480 
over eastern Amazonia (Brando et al., 2008, da Costa et al., 2010, Rowland et al., 2015), in 481 
which a fraction of the throughfall was prevented from infiltrating into the soil. In one 482 
experiment, throughfall was reduced continuously for several years, while in the other 483 
experiment only wet season throughfall was reduced. Soil moisture, tree mortality and wood 484 
volume were recorded in both experiments and compared with nearby control plots. Both 485 
experiments showed that soil water in the TFE declined with time, but tree mortality was 486 
similar to that in the control plots during the first 2-3 years. When soil water in the TFE plots 487 
fell below an apparent threshold after this period, tree mortality in the TFE plots became 488 
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significantly higher, particularly among tall trees, than in the control plots. The elevated 489 
mortality was most likely due to the strongly reduced soil water potential and vulnearability 490 
of tall trees to xylem cavitation (Rowland et al. 2015). However, above-ground wood 491 
production was already reduced in TFE plots from the second year of throughfall exclusion. 492 
Qualitatively these processes support our satellite-based analysis presented here, although the 493 
multiple TFE experiments cannot be compared directly with the natural seasonal droughts in 494 
2005 and 2010, as the experiments only reduced soil water without increased surface 495 
temperature or atmospheric moisture demand. During the 2005 drought, the accelerated soil 496 
moisture depletion may have reduced soil moisture levels below the critical threshold and 497 
increase tree mortality. This may be particularly expected in southwestern Amazonia where 498 
trees are known to have relatively shallow root systems (Quesada et al., 2011, Quesada et al., 499 
2010).  500 
Our findings help to explain the different rainforest responses in 2005 and 2010 as also 501 
observed in the field, but our analysis has limitations of its own. For example, VOD is a 502 
dimensionless variable that captures the relative dynamics of canopy water content in 503 
Amazonian rainforest as illustrated in this study, but the quantitative relationship between 504 
VOD and canopy water content for Amazonian rainforest is not yet known, and we could not 505 
quantify the absolute anomalies of canopy water content during the 2005 and 2010 droughts.  506 
4. Conclusions 507 
In summary, our study convincingly identified two stages the evolution of the Amazonian 508 
droughts of 2005 and 2010. During the onset of droughts in the wet-to-dry season (May–July), 509 
below-average rainfall and above-average radiation led to an early arrival of normal dry 510 
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season with enhanced leaf development and ecosystem photosynthesis while there was 511 
sufficient soil water. During the peak of droughts in the dry reason (August–October), the 512 
drought intensification negatively impacted forest growth and canopy senescence occurred 513 
under severe water and heat stress. The magnitude and timing of enhanced canopy growth and 514 
subsequent senescence were different for the two droughts. This was primarily caused by the 515 
contrasting spatiotemporal evolution in rainfall, radiation and atmospheric moisture demand. 516 
Aerosols from biomass burning in the dry season reduced incoming radiation in both years 517 
(Artaxo et al., 2013, Ten Hoeve et al., 2012). Without this reduction in radiation, water and 518 
heat stress over the intact forests of southern Amazonia might have been even more severe. To 519 
better understand the future of the Amazonian rainforests in response to climate change, the 520 
interactions between these natural and anthropogenic factors need to be better understood and 521 
represented in climate and vegetation models. As demonstrated here, interrogating 522 
independent but complementary satellite and field observations can help develop a better 523 
understanding of this complex and critical biome. 524 
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LIST OF FIGURE CAPTIONS 741 
Fig 1. Spatial distribution of vegetation characteristics over the study area. (a) Land cover 742 
map (at 0.10° spatial resolution) over Amazonia based on the 0.05° MODIS IGBP 743 
classification product for 2010. ‘Intact forest’ means that all four 0.05° grid cells in one 0.10° 744 
grid cell are classified as forest. (b) The ‘intact forest’ in southern Amazonia (2.5°S–12.5°S, 745 
75°W–50°W as outlined) is the study area of this paper. The annual average VOD value at 746 
0.10° spatial resolution is displayed in the background. A brief comparison between the 747 
downscaled (0.10°) and original (0.25°) VOD data can be found in Fig. S1. 748 
Fig 2. Hydrometeorological dynamics over southern Amazonia during non-drought years. 749 
Seasonal cycles of rainfall (P, mm month
-1
), photosynthetically active radiation  (PAR, W 750 
m
-2
), aerosol optical depth (AOD), cloud optical thickness (COT), terrestrial water storage 751 
(TWS, mm), land surface temperature (LST, K) and vapor pressure deficit (VPD, kPa) over 752 
the intact forest region in southern Amazonia during non-drought years (i.e., averaged over 753 
2003–2010, excluding 2005 and 2010). The anomalies in 2005 and 2010 will be examined in 754 
detail over the extended dry season (May–October) that is outlined by the blue box.  755 
Fig 3. Hydrometeorological anomalies over southern Amazonia in the 2005 and 2010 756 
droughts. Time series of monthly average (a) rainfall (P), (b) photosynthetically active 757 
radiation (PAR), (c) aerosol optical depth (AOD), (d) cloud optical thickness (COT), (e) 758 
terrestrial water storage (TWS), (f) land surface temperature (LST) and (g) vapor pressure 759 
deficit (VPD) over southern Amazonia from May through October in 2005 and 2010 in 760 
comparison with non-drought years, respectively. 761 
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Fig 4. Anomalies in rainfall (P, mm) and photosynthetically active radiation (PAR, W m
-2
) for 762 
the onset of drought during the wet-to-dry season (May–July) and the peak of drought during 763 
the dry season (August–September) of 2005 and 2010. Anomalies represent the departure 764 
from the average of non-drought years. The areas with statistically significant anomalies 765 
based on non-parametric Wilcoxon signed rank test (p<0.05) are hatched. 766 
Fig 5. Standardized anomalies in vegetation indicators during the onset of droughts 767 
(May–July) in 2005 and 2010. Units represent the number of standard deviations as a 768 
departure from the average of non-drought years in (a and b) night-time vegetation optical 769 
depth (VOD), (c and d) leaf area index (LAI), and (e and f) enhanced vegetation index (EVI). 770 
Areas with statistically significant anomalies based on the non-parametric Wilcoxon signed 771 
rank test (p<0.05) are hatched. 772 
Fig 6. (a and b) Mean TWS over May–July minus TWSMIN during the non-drought years for 773 
each grid cell (ΔTWS). (c and d) Mean LST over May–July minus LSTMAX during the 774 
non-drought years (ΔLST). (e and f) Mean VPD over May–July minus VPDMAX during the 775 
non-drought years (ΔVPD). 776 
Fig 7. Standardized anomalies in night-time VOD during the peak of droughts 777 
(August–October) in 2005 and 2010. Units represent the number of standard deviations as a 778 
departure from the average of non-drought years. Areas with statistically significant 779 
anomalies based on non-parametric Wilcoxon signed rank test (p<0.05) are hatched. 780 
Fig 8. (a and b) Mean TWS over August–October minus TWSMIN during the non-drought 781 
years for each grid cell (ΔTWS). (c and d) Mean LST over August–October minus LSTMAX 782 
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during the non-drought years (ΔLST). (e and f) Mean VPD over August–September minus 783 
VPDMAX during the non-drought years (ΔVPD). (g and h) Total number of months with 784 
monthly rainfall below 100 mm and significantly below average of non-drought years, 785 
between May and October in 2005 and 2010 respectively for each grid cell. 786 
